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SUMMARY 
The necessity of reducing heat t ransfer  t o  reentry vehicles hae led I 
t o  the consideration of both radiative and ablation shields. The paper 
reviews b r i e f l y  the heating problems fo r  manned vehicle6 and the m e a m  
whereby ablation and radiation afford thermal protection. 
The principal energy disposal and weight parameters are  then pre- 
sented and the i r  re la t ion  t o  the vehicle and t ra jectory parameters is  
discussed. A comparative analysis of three types of ablation shield is 
made and broad conclusions are  drawn as t o  the type of shield most 
appropriate t o  manned reentry vehicles. 
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INTRODUCTION 
. 
c 
L 
A vehicle entering the earth's atmosphere has excess potential and 
kinetic energy which must be disposed in a controlled manner if the 
vehicle is to survive. 
t o  the atmosphere (as kinetic and heat energy), nevertheless the 
A large fraction of this energy-is transferred 
remainder, which appears as the aerodynamic heat input to the vehicle, 
is of such magnitude that its disposal constitutes a major problem. 
The limited capacity of metals to absorb this heat has led to the 
use of two alternative methods of thermal protection. 
is to radiate the heat from a high-temperature surface, the second is to 
supply material'which is allowed to melt or vaporize, thereby absorbing 
heat. 
The first method 
Both methods involve additional weight. For the radiative systan 
the weight is determined primarilyby the emissivity of the surface, the 
thermal properties of the insulation necessary to maintain the high sur- 
face temperature, and the duration of the reentry; in the ablation system 
the weight is determined by the total aerodynamic heat input and by the 
total heat capacity of the ablation material. In assessing the merit of 
either approach we are mainly concerned with minimizing weight although 
in any practical application to manned vehicles, dependability and 
versatility are always important. 
In this paper particular attention is given to the problem of thermal 
protection of vehicles which reenter the atmosphere from supercircular 
- speeds (for example, a vehicle returning from a flight). In order 
to better understand the nature of the heating environment to which sych 
vehicles are exposed some discussion of their motion is required. 
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Here we are  content t o  discms i n  heuris t ic  fashion the more impor- 
t,rt.rlt, parsrr,eters which determine the aerod-gamic e f fec ts  of heating and 
deceleration. 
t ion  and ablation systems afford thermal pmtection with-par t icular  refer.- 
encr: t o  the relationship botveen the  thermal shield parameters and the 
-rehicle  rleci-gn parameters. 
Consideration i s  then given t o  the manner i n  which radia- 
E49TION AITD KEATIHG OF I&l"l3D R E E I m Y  VEKICLES 
The problem of rcentry of manned vehicles into the ear th 's  atmosphere 
ha6 received much at tent ion i n  recent years. 
and Eggera ( re f .  1) on b a l l i s t i c  reentry, and Sanger ( re f .  2 )  on the  
r,teady l i f t i n g  glide, Chapman (refs. 3 and 4) has made a general study 
of the dynamic6 and heating experience of both l i f t i n g  and nonlift ing 
Following the  work of Allen 
vehicles which reenter the atmosphere from circular  or  supercircular 
orb i t s .  Further papers ( r e f s .  5 ,  6, 7, and 8) on t ra jectory control 
t,hrouph lift ,and drag modulation have added t o  our understanding of the 
cub j ec t .  
In the present paper we w i l l  generally follow the work of Chapman 
although i n  order t o  obtain a quali tative understanding of the problem, 
a Eimple approximate solution i s  used. The energy equation f o r  a vehicle 
of maas M, f rontal  area A, and drag coefficient CD is wri t ten i n  
tmms o f  m a s s  parameter B as follows: 
where E i  is  the i n i t i a l  energy of the vehicle, B = 
and s is the distance travelled through the  atmosphere. 
M 
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If we consider the vehicle to travel down a tube of air of cross- 
4 
. 
I. . 
sectional area CDA (see fig. l), then the mass of air in a length s 
of the tube is  J S  pC$L ds, thus 
B(s) = Mass of air pushed aside by the vehicle' 
Mass of the vehicle 
and the energy of the vehicle is reduced by a factor e each time the 
vehicle pushes aside a mass of air equal to its own mass M. 
which reenters at parabolic speed (33,000 ft/sec) must push aside a mass 
A vehicle 
of air 7M in order to reduce its speed to sonic speed. This may be 
done either by using a tube of air of large cross section 
to a vehicle of small 
a vehicle makes a shallow reentry with aerodynamic lift. 
corresponding ( 
or a tube of great length as obtained when ") CDA 
As shown by Chaprnan (ref. 4), there exists a narrow flight-path 
corridor through which reentry into the atmosphere must be made. The 
lower boundary of the corridor (termed the undershoot boundary) is deter- 
= mined by the condition that the vehicle shall not exceed a given maximum . 
deceleration (say log). 
determined by the condition that the vehicle, upon reentry, shall remain 
The upper boundary (the overshoot boundary) is 
. 
&- 
within the sensible atmosphere and complete the reentry maneuver in one 
pass. 
If an exponential variation of atmospheric density with altitude is 
assumed, together with constant - and L/D, the vehicle deceleration 
at undershoot varies approximately as Be'B and the maxirmun deceleration 
CDA 
occurs when B = 1, that is, when the vehicle has encountered a mass Gmax 
of air equal to its own mass M. 
- 3 -  
A t  overshoot, the  vehicle must enter the  atmoephere at a low enough 
d 
a l t i t ude  tha t  it encounters sufficient air t o  reduce i t s  energy from Ei 
t o  E,. Thus, i n  the supercircular par t  of reentry (E > E,) 
t ha t  is, the mass of air encountered is 
l e f t  i n  a near c i rcular  orb i t  a t  t he  edge of the ear th 's  atmosphere, and 
B = I n  Ei/Eo 
M In  Ei/Ec and the vehicle is 
i n  a posit ion t o  complete reentry i n  one pass. 
The width of the corridor depends on the  i n i t i a l  energy of the 
vehicle and on i ts  aerodynamic l i f t  capability. The width may be increased 
by applying posit ive lift a t  undershoot and negative l i f t  at overshoot; f o r  
a vehicle having parabolic energy (for example, a vehicle returning from 
a lunar f l i g h t )  w i t h  
using a moderate amount of l i f t  (from 7 m i l e s  with L/D = 0 t o  40 m i l e s  
with L/D = 1/2 or 52 m i l e s  with L/D = 1). If the more severe limita- 
t ion  of %m = 5 
= 10 the w i d t h  increases appreciably by 
L 
.c 
i s  imposed, the corridor width is correspondingly lower 
(the reader is referred t o  re fs .  4 and 5 f o r  a more complete discussion). 
A vehicle returning through t h i s  corridor w i l l  experience a period 
of severe heating, the magnitude and duration of which depend on the  
vehicle character is t ics  and the type of t ra jectory it follows. 
t ra jectory near undershoot the heat-transfer r a t e  q increases t o  a 
maximum value (~max {which occurs when the  vehicle has traversed a mass 
of air l/3 M approximately for  laminar flow or  8/15 M f o r  turbulent 
flow) and thereaf ter  decreases. 
the heating r a t e  has a maximum value 
portion of the t ra jectory and decreases t o  a lower value at circular  
speed; thereaf ter  it again increases t o  a second maximum value 
during the descent from circular  orbi t  and f ina l ly  decreases t o  zero. 
For a 
For a t ra jectory near overshoot, however, 
(4ma~)~ during the supercircular 
s lax)^ 
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General, re la t ively simple, expressions f o r  and AQ a t  the 
nose of the vehicle for  laminar f l o w  or a t  the sonic point fo r  turbulent 
flow are writ ten as follows: 
where n .= 1/2 for  laminar flow and n = 4/5 f o r  turbulent f low.  For 
other regions the heating ra tes  are generally lower and equations (2a) 
and (2b) must be used i n  conjunction with a multiplicative factor  which 
depends on the  vehicle geometry. The quantit ies q* and AQ* are 
functions of the i n i t i a l  energy, the L/D 
jectory; near undershoot, f o r  example 
r a t i o  and the type of tra- 
q* a (Ei/Ec)3/2-n(ha)n and AQ* a (Ei/E,)2-n(&)n-1 
and it is  seen that the maximum heating r a t e  increases (whereas the t o t a l  
heat input decreases) as Gmax increases. The dimensionless coefficients 
q* and AQ* are shown i n  table  I fo r  the undershoot and overshoot 
boundaries of a vehicle which reenters w i t h  parabolic energy (Ei/Ec = 2). 
A t  overshoot, the t o t a l  heat input is the sum of the  heat inputs during 
the supercircular and subcircular portions, AQ = AQl + A+. 
It is seen tha t  bax and A& depend on a vehicle design parameter (LP-', and on the t ra jectory through the  coefficients q* and AQ*. 
CDA 
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. 
This dependence is  shown more clearly i n  figure 2 for  laminar flow. 
undershoot and overshoot heating boundaries depend primarily on %u 
and 
p lo t  of %u against A& and form a "heating corridor" i n  t h i s  plane. 
The 
L/D, respectively; they appear as s t ra ight  l ines  i n  a logarithmic 
As the boundaries of the reentry corridor are widened by employing 
l i f t  (at  overshoot), or by accepting a higher (at undershoot), 
the heating corridor i s  also widened, making increased demands on the 
thermal protection system. 
Gmax 
The location of the vehicle in t h i s  heating corridor depends on the 
aerodynamic parameters M/C+ and L/D (laminar flow). Here M/C# 
is  raughly interpreted as the density of the vehicle ( fo r  a so l id  sphere 
i n  hypersonic flow, with ci> = 4/3, - is  equal t o  the density i n  
slugs/cu f t) .  
input increases as 
density approximately. 
L/D and CD/C%= be recognized; since CD decreases as L/D increases, 
L 
CDAR 
.r The magnitude of both the heating ra te  and the t o t a l  heat 
t ha t  is, as the square root of the vehicle (&Y2 
Here it is  important t ha t  the interdependence of 
c 
the  use of l i f t  implies an increase in the t o t a l  heat input t o  the vehicle. 
The l ines  of constant - are orthogonal t o  the boundary l i nes  i n '  
CDAR 
figure 2. For each value of there is a rectangular region 
within the heating corridor which defines the range of possible values 
of %ax and A& t o  which the  vehicle may be subjected during reentry 
( the  width 'of t h i s  rectangular region depends on the 
relationship, i n  f ig .  2 +he hypersonic drag polar with 
w a s  used). 
L/D - C D / C % ~  
(L/D)max = 1 
Since corridor widening by the use of l i f t  incurs a penalty i n  the 
form of hcreased heating, it i s  of i n t e r e s t  t o  see the variation of 
- 6 -  
%a and AQ with corridor width. This variation is shown i n  f ig-  
ures 3(a) and 3(b) fo r  a vehicle having = 1 entering with 
CDmaXAR 
parabolic energy. From figure 3(a) it i s  seen that AQ increases rapidly 
at the  overshoot boundary fo r  
r idor  width. A similar increase in gmax a t  undershoot is  noted fo r  
L/D > 1/2 ( f ig .  3(b)). 
I L/D I > 1/2 with l i t t l e  increase i n  cor- 
It seems unlikely, therefore, that a lift/d.rag 
r a t i o  of much more than 1/2 would be employed during the heating phase 
of reentry although greater amounts of l i f t  may be desirable f o r  the  
terminal phase. 
Wen with IL/DI = 1/2 the  heating experience at undershoot and 
overshoot d i f f e r  appreciably; AQ a t  overshoot is  approximately three 
times tha t  at undershoot, similarly at undershoot is more than 
three times that at  overshoot. 
If the vehicle is t o  be allowed a wide fl ight-path corridor (40 miles 
with 
withstand the high heating rates associated with undershoot reentry, an& 
IL/D( = 1/2) the  thermal protection system must be designed t o  
t o  dispose of the large t o t a l  heat input associated with overshoot reentry. 
Thus far we have considered only the convective heat input. However, 
because the gas layer between the vehicle and the shock radiates energy, 
there is  an additional heat input t o  the vehicle, the magnitude of which 
depends primarily on E i ,  - and R. Current preliminary estimates 
indicate that it is of the order of 10 t o  25 percent of the convective 
heat input f o r  presently’conceived vehicles entering at  parabolic speed 
( the  latter mount at undershoot). 
M 
CDA’ 
The e f f ec t  of t h i s  is  t o  increase the 
magnitude (but not the duration) of the heat pulse. Quantitative results 
- 7 - .  
fo r  the gas-layer radiation heating are not presented herein although 
some qual i ta t ive discussion i s  given later. 
THERMaL PROTECTION OF MANNED REXNTRY VEHICLES' 
The problem of thermal protection is that of maintaining the struc- 
t u re  of the vehicle below some required design temperature dictated by 
the s t ruc tura l  materials used o r  by the contents within the vehicle. 
good thermal shield may be defined as one which performs t h i s  function 
sa t i s f ac to r i ly  with a m i n i m  of weight. 
manned reentry vehicles we require the shield t o  operate e f f ic ien t ly  f o r  
a l l  t ra jec tor ies  between undershoot and overshoot in  order t o  make maxi- 
mum use of the reentry corridor. 
A 
In  the present application t o  
Technology in  the f i e l d  of thermal protection has proceeded i n  two 
f a i r l y  independent directions during the l a s t  several years, due mainly 
t o  the  dissimilar needs of the short-flight-duration b a l l i s t i c  missile 
and the long-fli@t-duration hypersonic airplane. 
s a t i s f i ed  by the ablation shield and the high-temperature metall ic radia- 
t i on  shield,  respectively. 
low l i f t  capabili ty is  a combination of hypersonic airplane and b a l l i s t i c  
vehicle; i t s  heating experience is  qualitatively similar, at  undershoot, 
t o  t ha t  o f ' t h e  b a l l i s t i c  vehicle and at  overshoot t o  that of hypersonic 
. 
These needs have been 
I n  a sense, the manned reentry vehicle of 
airplane of longer flighC duration. 
codina t ion  radiation-ablation shield w i l l  be the most appropriate f o r  
It i s  l ikely,  therefore, t ha t  a 
the supercircular reentry vehicle. 
Some analysis of metallic radiation shields applied t o  simple con- ' 
figurations has been made by Anderson and Brooks. (ref. 9) but f o r  heating 
- 8 -  
rates considerably l e s s  than those encountered during supercircular entry. 
Metallic radiation shields are temperature limited, can dispose of 30 t o  
40 Btu/(sq f t ) ( sec ) ,  and are generally inadequate f o r  the heating rates 
encountered over the nose or leading surfaces during supercircular reentry. '  
Radia tbg  a b l a t i m  materials, on the other hand, are not temperature l i m -  
i t e d  and are therefore much more versat i le .  
I n  recent years much e f fo r t  has been applied t o  the development and 
analysis of ablation materials, due largely t o  the requirements of the 
m i s s i l e  program. 
i n  a variety of high-temperature f a c i l i t i e s  (refs. 10 t o  13); theoret ical ly  
steady ablation (both melting and vaporization) has been t reated exten- 
s ively (refs. 14 t o  20) and more recently some attempt has been made t o  
account f o r  the unsteady conduction e f fec ts  within the.ablat ion shield 
during reentry from a circular  orbi t  (refs. 21 t o  22). 
A large number of materials has been tes ted  experimentally 
In the present paper we consider the  combined ef fec ts  of ablation, 
radiation, and thermal conduction i n  conjunction with the vehicle and 
t ra jectory characterist ics which determine them. 
establ ish the principal parameters that determine shield weight require- 
ments fo r  a given vehicle. 
the overal l  weight of a cooling system unless the complete configuration 
of the  vehicle is  considered, we can discuss regions of high heating on a 
separate basis. The reader is  referred t o  a forthcoming NASA publication 
(ref. 23) for  the  expressions used i n  the analysis of weight requirements. 
- 
be applied t o  the manned reentry problem; i n  practice both systems are 
compromised t o  some extent by material l imitations.  
O u r  purpose is t o  
Although we cannot d r a w  conclusions concerning 
In theory, e i ther  the radiative or the  ablation cooling approach can 
>fi 
The ablation materials 
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discussed herein have been placed i n  the following three broad categories 
according t o  the manner i n  which they dispose of heat energy: 
(a) Low-temperature subliming materials 
(b)  Radiating high-temperature ablation materials 
(c)  Composite charring materials 
A summary chart of typical  materids is.shown i n  figure 4. 
temperature materials absorb heat i n  the phase charge and i n  the stream 
The low- 
boundary layer (a  description of t h i s  cooling mechanism may be found i n  
r e f .  17); Teflon and nylon are  typical materials. The radiating ablation 
materials dispose of heat by radiation and ablation - opaque quartz and 
graphite are representative of t h i s  category. Finally, composite charring 
ablation materials are  considered; here ablation takes place a t  a low 
I 
temperature and causes a carbonaceous char t o  form. The char a t t a ins  a 
high temperature, radiates energy at the  surface, and a l so  ac ts  as insu- 
la t ion ,  thereby reducing heat conduction t o  the ablation surface (beneath 
the char layer) .  Phenolic nylon and phenolic glass are typical  composite 
materials. 
For a given heat input the t o t a l  weight of the shield may be con- 
sidered as the sum of two mounts: f i r s t l y ,  the weight actually l o s t  by 
ablation (or  charred by ablation) and secondly, the w e i g h t  required t o  
insulate against and absorb the  heat t ha t  accumulates by conduction. 
l a t t e r  amount depends on' the type of insulation-absorption system used 
between the shield and the vehicle structure.  
The 
One system is simply t o  add suff ic ient  ablation material t o  ensure . 
t ha t  the vehicle structure remains below i ts  design temperature. that is , .  
a "self-insulating shield." An alternative syskem is t o  add a layer of 
- 10 - 
ablation material to reduce conduction and a layer of liquid (between 
the ablation shield and the vehicle structure) which is allowed to vaporize 
and thereby absorb any accumulation of heat near the vehicle structure, 
that is, a "liquid-cooled shield." The energy disposal and weight param- 
eters for such materials are discussed below. 
ENERGY DISPOSAL PARAMGlfERs 
In the most general case the aerodynamic heat input to the shield 
is balanced by ablation, radiation, and conduction of heat. If Xa, &, 
and Xc 
three effects, then 
are the respective fractional amounts of energy disposed by these 
x,+x,+xc=l 
The expressions for Xc for the self-insulating and liquid-cooled shield 
are written, ,respectively 
(3) 
where fc 5 1 in each case. 
The factor (%= AQ) depends on the vehicle design parameters 
and the trajectory it follows during reentry. For laminar flow, however, 
(%= AQ) 1/2 is insensitive to the vehicle trajectory and may be written 
- 11 - 
For laminar flow, therefore 
respe ct ively Thus, 
Heat accumulated Thermal capacity Thermal resistance 
by shield ~ ( of shield ) . ( of shield 
Aerodynamic heat (Vehicle density) 1/2 (Vehicle energy) 5/4 
input 
where E(Tm - 
insulation layer plus liquid coolant and see is the thermal 
resistance (that is, the number of seconds taken for heat to conduct 
through a layer of weight 1 lb/sq ft) . 
is interpreted as the thermal capacity of the 
pk (lb/sq f t )2  
Estimation of the fraction of heat accumulated during reentry is 
now a simple matter. For a low-temperature material such as Teflon 
c(Tm - ‘I$,) = 250 used on a vehicle of ($ = 40 see 
(lb/sq ft)2’ 
A = 1 
of the aerodynamic heat input is accumulated. 
material such as Foamed Quartz (s = 60 
entering with parabolic energy (Ei/Ec = 2) less than 1 percent 
CDAR 
Even for a high-temperature 
sec 
(lb/sq ft)2’ 
C(Tm - Tt,) = 1,000 Btu/lb less than 3 percent is accumulated. It is 
interesting to note that for graphite, however - - see - 1  
(Pk (lb/sq f t )2’  
.# . c(Tm - ‘I$,) = 2,000 Btu/lb as much as k, percent is accumulated in the . 
C same circumstances. Obviously, - should be as large as possible so 
Pk 
that accumulation of heat is minimized. In the discussion that follows 
it is assumed that X, << 1. 
- 12 - 
The quantit ies &, Xr,  and Tm depend on the ablation tempera- 
4 ture Ta and the heating rate enax = UET- (where T- is  a 
reference temperature associated with radiative equilibrium at q = &) 
Ta < and are written, f o r  -- 1  
Tmax 
When aerodynamic heating and radiative cooling produce thermal equilib- 
rim no ablation, - 
From figure 5 and the defini%ion of X, 
dependence of XC on %a through the mean temperature Tm. 
Ta 2 1 then X, = 0, X r  = 1, and 2 T = (1/2) 1/4. ( Tmax ) Tmax 
w e  see t h a t  there is an important 
The energy Xa.AQ which must be disposed by ablation may be reduced 
by using a high-temperature ablation material 
expense of increasing the accumulated energy 
but only at the  
Tm 
Furthermore, it is seen tha t  l i t t l e  is t o  be gained by'using moderately 
high-temperature ablation materials; when = 1/2, fo r  example, X, 
W Tmax 
differs l i t t l e  from unity but 
corresponding increase i n  X, AQ. 
3 has increased fr& 0 t o  1/2, with a- 
Tmax 
Since  lax varies appreciably between undershoot and overshoot, 
the behavior of the radiating ablation shield a l so  varies. 
i f  = 1 and L/D = 1/2, then & = 550 Btu/(sq f t ) ( s e c )  at , 
undershoot, and a shield with 
For example, 
Ta = 4,000' R, E = 1/2, would have Xa = 0.8 
approximately indicating tha t  80 percent of the aerodynamic heat input is  
disposed by ablation and'approximately 20 percent by radiation. 
shoot, on the other hand, 
c i rcular  par t  of reentry and only 33 percent is disposed by ablation, 
At over- 
for  the super- = 150 Btu/(sq f t ) ( sec )  
. - 1 3 -  
J 
whereas fo r  the descent from circular orb i t  
l e s s  than 3 percent i s  disposed by ablation and the shield i s  i n  near 
radi a t  ive equi 1 ibr  ium . 
(%ex)2 = 75 Btu/(sq f t ) ( s e c ) ,  
MEAN EFFECTIVE HEAT CAPACITY 
For subliming materials, the effective heat capacity has been shown 
theoret ical ly  t o  be an approximately l inear  function of the stream energy 
and is  written 
Here H a  is the energy absorbed when uni t  mass of material i s  raised t o  
the ablation temperakure and undergoes vaporization, pa is  the fract ion 
of the  stream energy absorbed by the gas products during convection i n  
the boundary layer, and - E 
Typical values of materials presently being considered are 
- 
is  the energy of the stream i n  thermal units.  
gJ 
H a  = 1,000 Btu/lb, pa = 1/2 (laminar flow) or Pa = I/4 (turbulent 
flow). The turbulent values of pa a re  generally about one-half or 
one-third of the laminar values. When pa = 1/2, for  example, the 
material i n  gaseous form absorbs an amount of the order of one-half of 
E - 13,500 Bt;u/lb at  c i rcular  energy i n  addition the stream energy 
t o  the  heat of sublimation Ha.  The form of Heff suggests that a mean 
(2 - ) 
value fo r  the complete reentry should be writ ten 
c 
b 
. 
where pEi is  a mean value of E. For a vehicle reentering i n  a steady 
glide,  for  example, 
i n  dimensionless form 
IL, may be evaluated analytically and is written, 
and it may be ver i f ied tha t  
( that  is, 1 - n < p < 1 - 
E i  
Pa - 
versus - (turbulent flow). A dimensionless p lo t  of - gJ is  shown 
i n  figure 6; also shown are  values calculated numerically f o r  return 
where n = 1/2 (laminar flow) or  n = 4/5 2 "1 
H a  H a  
along the undershoot boundary for  a nonlift ing vehicle. 
t ra jectory d i f f e r s  considerably from the  equilibrium glide, the values 
Although the 
of - are i n  good agreement. For entry along the overshoot boundwj  
H a  
the supercircular and subcircular pa r t s  are  t reated separately. 
we use 
Here 
( H a l 2  = H a  + Pa - @' (subcircular) 
gJ 
It i s  noted tha t  the turbulent value of 
of the laminar value and sublimation is  much less e f f i c i en t  when turbu- 
l en t  flow prevails.  
Pap may be as l i t t l e  as l/5 
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WEIGHT PARAMETERS 
4 
I .  
The weight of the ablation shield depends on L e  efficiency w i t n  
which the amounts of heat XC AQ and X a  AQ are  disposed. Considering 
first the accumulated heat Xc AQ, the associated weight NC is written 
, respectively, for  the self- Xc AQ Xc AQ approximately Wc = 9 -  
e(% - %,i) $ Hc 
insulated shield and the liquid-cooled shield.  When the  appropriate 
expressions fo r  Xc (eq. ( 3 ) )  are inserted, we obtain the following 
resul t :  
self-insulated'' (',)Liquid cooled i f  
4% - %,i) 
(7) 
approximately. 
inasmuch as it involves only the "thermal capacities" 
The inequality (7)  is a par t icular ly  simple condition 
1/2 
E ( T m  - a) HJ 
and 4% - %,iL 
If the ablation temperature i s  suff ic ient ly  low, the self-insulated 
For a radiating abla- 3 shield weighs less than the liquid-cooled shield. 
t ion  shield, however, where T, - % is necessarily large, the liquid- 
cooled system is more appropriate. 
c = 0.3 Btu/lb % and He = 1,OOO Btu/lb (corresponding t o  the  vapori- 
zation of water) then equation (7) shows tha t  the water-cooled system 
weighs l e s s  when 
For example, i f  we suppose tha t  
Tm - 'I!t, > 230° R. 
It is  clear, therefore, t ha t  the water-cooled system is preferred 
unless the vehicle structure i s  designed t o  withstand temperatures f a i r l y  
close t o  the m e a n  surface temperature.of the shield. 
- 16 - 
As w e  noted ear l ie r ,  the  accumulated heat XC AQ depends on Xa 
through the mean temperature Tm; it is  t o  be expected therefore that 
W, depends on W a s  This dependence is  i l l u s t r a t ed  more clear ly  when 
we consider the liquid-cooled shield i n  more de t a i l .  
W i ,  and W z  the  weight of material l o s t  by ablation, the  additional 
We denote by W a ,  
weight required fo r  insulation, and the weight of l iqu id  required t o  
absorb the accumulated energy. The t o t a l  weight W is writ ten 
W = Wa + W i  + W 2  (so tha t  Wc = Wi + W z ) .  The actual weight loss  caused 
by ablation is  simply W a  = e (or (r)l x, AQ + (y)2 at 
%l 
The expressions for  Wc and Xc suggest t ha t  we define a dimensionless 
weight parameter w" through 
The 
the 
and 
weights W i  and W 2  are chosen so tha t  W is aminimum. This gives 
following expressions f o r  W i *  and W i *  i n  terms of 
= Wa,1 + Wa,2 
* * 
W i  * = 1 w a *[I- - 13 ( 9 )  
undershoot A& = (AQ)l and A% = 0) .  
* * * * 
Figure 7 shows Wa + Wi and Wz as functions of Wa . The two 
limiting cases + C O  and w)c 4 0  are  interest ing since they give us 
the important ablation and radiation weight parameters. 
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Firs t ly ,  as T, - % +O, X ,  4 1 and equation (8) shows t ha t  
L 
W" + 00; thus f o r  the low-temperature ablation shield W i  and Wz are 
small compared with Wa ( i n  practice when Wa* > 10) and we may write 
- 
and fo r  a given heat input W maybe reduced only by increasing %. 
Secondly, when X, = 0, 
shield acts as a radlation shield.  
X a  = 0 only if -%- 2 1, that is, i f  the ablation temperature Ta 
exceeds (*)"4). ThThen Wa* = 0, then Wi* = Wz* = 1 indicating that 
the shield should comprise equal weights of insulation and l iqu id  coolant. 
Wax = 0, no ablation takes place and the 
It should be noted, however, t ha t  ( 
Tmax 
Thus 
and since Tm,l . and Tm,2 are necessarily high i n  pract ical  applications 
the weight may be reduced by increasing the thermal resistance 
the thermal capacity of the coolant 
C - or 
Pk 
Hc. 
It i s  useful t o  have some cr i ter ion t o  indicate which type of shield 
is m o s t  sui table  for a given vehicle; from equations (11) and (12) at 
undershoot w e  see tha t  the radiating ablation shield weighs less than the  
L 
. 
( t o  obtain eq. (13), the effective heat capacity is  approximated by 
Ei and eq. (4 )  is  used). ~ r n =  (1 - j - n ) s a c g J  2 
Inspection of the individual factors  i n  equation (13) shows tha t  
the radiating ablation approach is more appropriate fo r  the heavier 
vehicles providing L, the therm1 resistance, i s  large enough. 
pk 
This is eepeeially t rue  if  considerable turbulent flow is experience& 
is smaller fo r  turbulent Plow than fo r  laminar flow. EqW- 
(Pak 5 n) ) 
t i o n  (13) also applies at overshoot if used with mi appropriate man 
value T,. 
COMPARISON OF TYPICAL MATERWB 
The difference between the  low-temperature subliming materials and 
the radiating ablation materials i s  i l l u s t r a t ed  by comparing the behavior 
of Teflon with tha t  of Foamed Quartz (both water-cooTed) at  the stagna- 
t i o n  point of a vehicle with ' = 1 entering with parabolic energy, 
- = 2. cDmaxAR E i  
EC 
The weight required per u n i t  area (including tha t  of the water) 
is shown i n  figures 8(a) and 8(b)  f o r  these materials. 
F i r s t ly ,  we see that the weight a t  overshoot always exceeds tha t  
a t  undershoot; thus, the w e i g h t  requirements are dictated by overshoot 
conditions. Secondly, the weight at overshoot increases rapidly with 
L/D fo r  I L/d > 1/2; thus, extension of the corridor a t  overshoot is  
costly, whereas at undershoot the use of l i f t  up t o  about 
j u s t i f i ed  since the associated weight is s t i l l  Less than tha t  at overshoot 
with L/D = -1/2. Thirdly, the  radiating Foamed Quartz shield weigh6 less 
L/D = 1 seems 
than the Teflon shield, especially at overshoot where a considerable 
f rac t ion  of the  energy is radiated (at undershoot, both materials ac t  
primarily as simple ablators and there is  l i t t l e  difference i n  weight). 
1 
As we might expect, the  behavior of the materials d i f fe rs  consider- 
ably at overshoot. L/D = -1/2, the  low-temperature Teflon suffers  
considerable weight loss  - 20 lb/sq f t  or  about 2 inches i n  thickness - 
For 
but requires only a small amount of water, 2.4 lb/sq f t ,  t o  absorb the 
accumulated heat. The radiating Foamed Quartz, however, loses only 
2.3 lb/sq f t  o r  about 0.3 inch, whereas the insulation plus coolant weight 
i s  11 lb/sq f t .  
weigh i n  the neighborhood of 110 lb/sq f t ,  approximately half of which 
would be water. ) 
'(By comparison, a water-cooled graphite shield would 
Quite generally tbg low-temperature subliming materials are  subject 
t o  large weight loss and possible large changes i n  shape, whereas the  
radiat ing materials require a substantial  amount of Liquid coolant between 
the shield and the vehicle s t ructwe.  In  ax~y prac t ica l  application the 
weight of the coolant container and any piping required t o  remove the 
vapor must a lso be considered. 
The th i rd  type of ablation shield, the composite shield, is  a com- 
It promise between the low-temperature and the radiating materials. 
consists of a high-temperature m a t r i x  impregnated with a low-temperature 
ablation material. In  the  fiberglass and phenolic shield, fo r  example, 
ablation of the phenolic res in  takes place a t  about 1,500° R and forms 
a high-temperature char. layer held by the f iberglass  matrix. A large 
fract ion of the heat input i s  disposed by radiation at the surface of 
the char and the  s m a l l  f ract ion of heat tha t  reaches the virgin material 
(by conduction through the  char) i s  absorbed by the phase change i n  the . 
- 20 - 
. 
resin at a low temperature. 
through the char t o  the surface and helps t o  reduce conduction. 
f i g .  8 (c) . )  
The gas produced by t h i s  ablation diffuses 
(See 
The composite material, therefore, takes advantage of surface radia- 
t ion  (surface temperatures over 5,000' R and an emissivity of 0.8 gives 
a rate of heat disposal of over 250 Btu/sq f t / sec)  but at  the same time 
re ta ins  the advantage of requiring l i t t l e  or no l iquid coolant - ablation 
of low-temperature res in  replaces vaporization of water as the back- 
surface-temperature control, essentially.  
Conservative 'values (upper limits) of the mean surface temperature 
Tm and t he  char weight W are  given by 
and 
It i s  seen tha t  equation (14b) i s  analogous t o  equation (12) with 
H, replaced by 2f(Ha + f'cg(Trn - T a ) )  so tha t  the cooling capacity 
of the  res in  increases with the  surface temperature Tm. The importance 
of t h i s  i s  seen when the l i m i t  of large 
the char weight has an upper l i m i t  
T, is taken i n  equation (14b); 
. 
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L t=(iAQ ) 1 +(iAQ %mX ) 2 independent of the heating history, where 
is a measure of the  duration of heating. 
material is  similar t o  tha t  i n  a low-temperature ablation material and by 
The accumulation i n  the virgin - 
choosing a resin which sublimes at a low temperature the shield can be 
self-insulated ( the corresponding weight Wc is determined as before but 
with Tm replaced by Ta). The importance of high thermal resistance of 
the char and large heat of sublimation of the resin,  
equation (14b). 
Ha, is  evident from 
Although current charring materials have lower thermal 
resistance than Foamed Quartz, t h e i r  surface temperature and emissivity 
-.  
are  higher and, f o r  t h i s  reason, they have greater potent ia l  t o  dispose 
of high heat-transfer rates. Figure 8(c) shows typical  values of the weight, 
including self-insulation f o r  a range of corridor width (or  L/D) for 
= 1, with Ta = 1,250° R, Tb - Tb,i = TOOo R, f = 0.4, f"= 0.3, 
cDmm 
sec Ha = 1,230 Btu/lb, and a = 40 
pkchar (lb/sq f t )2 'a  
DISCUSSION 
= l .  The 
M The results presented thus f a r  have been f o r  
c%a.xAR 
variation of weight with 
with IL/DI = 1/2 fo r  three representative materials i n  figure 9. The 
is shown f o r  overshoot reentry 
character of the three curves i s  important. The low-temperature material 
has an essent ia l ly  l inear  variation of weight with (c&31-'2 ( indi- 
cating tha t  the weight is proportional .to the heat input); the weight 
of the foamed radiating material is  nonlinear i n i t i a l l y  IJ Wc varies 
- 22 - 
. 
but then becomes approximately l inear  fo r  1/2 as (Tm - ~ b )  
higher values of when appreciable ablation takes place. The 
curve fo r  the composite material l i e s  above the foamed material i n i t i a l l y  
(it has lower thermal resistance L), but f o r  the  higher values of 
Pk 
it f a l l s  below the foamed material (since it continues t o  radiate  
c4naxAR 
at a higher surface temperature). 
i n  which For each class  of material there is  a range of cDmaxAR 
a shield of tha t  material weighs less than the others. The location of 
the crossover points in  figure 9 depends on the material properties, of 
course, so they are  not well defined. When p lo ts  similar t o  figure 9 
are  made for  other values of 
showing the relat ion between the vehicle parameters, and L/D, 
and the  chasacterist ics of the shield. This chart is  shown i n  figure 10; 
we see tha t  the three classes of material (a), (b) ,  and ( c )  are appro- 
p r i a t e  t o  vehicles of s m a l l ,  intermediate, and large 
that.  is, t o  vehicles which experience s m a l l ,  intermediate, and large 
L/D a more general chart is obtained 
cDmaxAR 
respectively, M 
%EI.x~, 
heating r a t e s  per uni t  area, respectively. The tendency fo r  vehicles of 
higher l i f t -drag  r a t i o  t o  require a composite ablation material resu l t s  
, and therefore higher heating rates ,  from the lower values of -
associated with higher values of L/D. 
CD 
CDInax 
The conclusions drawn from figure 10 are  based on the assumption of 
laminar convective heating; the possibi l i ty  of turbulent heating and 
additional heating from the radiating gas layer must be recognized, 
however. It may be recalled tha t  the mean effective heat capacity i n  
turbulent flow i s  l e s s  than tha t  for laminar flow, moreover i n  the 
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presence of gas layer radiation the l inear  increase of effect ive heat 
capacity with stream enthalpy no longer holds, t he  effective heat 
capacity is  reduced and the actual weight loss may increase considerably. 
This e f fec t  i s  most evident for the  low-temperature materials and, 
are  
res 
the 
t o  a l e s se r  extent, fo r  the  foamed radiating materials if  they undergo 
considerable ablation as at updershoot. The charring composite materials 
least affected by these increases i n  heating since ablation of the 
n depends primarily on conduction through the char ra ther  than on 
form of the heat input t o  the surface ( the  r e su l t  is simply 811 
increase i n  surface temperature and a minor increase i n  weight). 
The f i n a l  choice of materials will depend on mechanical as w e l l  as 
thermal properties. The foamed ma te r i a l s  and the charring materials must 
have suff ic ient  strength t o  withstand vibration and shear forces and 
long-duration t e s t s  of these m a t e r i a l s  are  therefore desirable before 
they can be used w i t h  confidence. 
. 
In view of the potent ia l  ve r sa t i l i t y  
- of ablation materials for manned-flight application, .considerable e f fo r t  
is warranted in  the development of materials having the appropriate 
thermal and mechanical behavior. 
It seems unlikely tha t  the low-temperature materials w i l l  be 
used over the nose or  leading surfaces where high heating ra tes  are 
experienced and where gas layer radiation is  greatest;  however, they 
may be used i n  limited amounts f o r  other par t s  of the vehicle which 
experience lower heating rates. The foamed materials weigh a l i t t l e  less 
than the self-insulated composite materials f o r  intermediate heating 
levels  but they cannot be used without a reservoir of l iquid coolant 
between the  shield and the vehicle. . 
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The simplicity of the composite shield and its re la t ive  insensi t ivi ty  
t o  the form of heat input make it part icular ly  a t t rac t ive  as a means of 
thermal protection for  manned reentry vehicles. 
' CONCLUDING REMARK;S 
Supercircular entry into the ear th ' s  atmosphere can be made only 
through a narrow reentry corridor. 
associated with entry along the undershoot boundary of the corridor and 
the high t o t a l  heat input experienced during entry d o n g  tbe overshoot 
boundary demand a versa t i le  form of thermal protection. 
The high rates of heat t ransfer  
A review of the types of ablation material av i i lab le  shows tha t  
(a) The low-temperature ablators may lose a considerable amount 
of material especially at overshoot; moreover turbulent heating and gas- 
layer  radiation can increase the weight loss appreciably. 
(b) Foamed radiating materials are  l e s s  affected by the  form of 
heat input {that is, whether laminar o r  turbulent convective, o r  radia- 
t i v e )  and there i s  l i t t l e  actual weight loss. However, these materials 
require a reservoir of vaporizing l iqu id  coolant between the shield and 
the  vehicle structure t o  absorb the conducted heat. 
(c)  The composite charring materials generally have a lower thermal 
resistance than the foamed materials but because ablation takes place at 
a l o w  temperature within the char layer  they a re  self-insulating and may 
be used without additiopal l iquid coolant. The composite materials are 
l e a s t  affected by the form of heat input. 
For manned reentry from supercircular speeds it appears therefore 
tha t  the radiating ablation materials are more appropriate than the 
- 23 - 
. 
lm-temperature materials. In particular,  the simplicity of the self- 
insulaLing composite shi eld an? i t s  ab i l i t y  t o  protect against radiative 
as w e l l  BE: convective heating m a k e  it an a t t rac t ive  solution t o  the 
problem of thermal protcc-tlon. 
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TABU3 I.- DIMENSIONUSS HEAT-TRANSFER COEFFICIERTS 
(a) Overshoot, laminar flow 
Laminar 
q* AQ* 
0.31 3.0 
.54 3.0 
-54 3.15 
-54 3.5 
E > E, 
__ 
Turbulent 
9* AQ* 
0.24 1.57 
.23 1.58 
.22 1.60 
.18 1.68 
3 - 3  
2.0 
1 . 4  
1.05 
’ILIDI 
0 
1/4 
= 10 
Laminar 
q* AQ* 
0.725 2.1 
.76 2.1 
E < E, 
(b ) Undershoot 
I 
O W 2 l  I 
Lent 
AQ+ 
1.36 
1-37 
1.39 
1.46 
8.3 
4.1 
2.25 
1.40 
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Figure 6.- Dimensionless mean effective heat capacity -. Rm 
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